Abstract New Bedford Harbor (MA, U.S.A.; NBH) is a Superfund site inhabited by Atlantic killifish (Fundulus heteroclitus) with altered aryl hydrocarbon receptor (Ahr) signaling, leading to resistance to effects of polychlorinated biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). The Ahr is a transcription factor that regulates gene expression of many Phase I and II detoxifying enzymes and interacts with Nrf2, a transcription factor that regulates the response to oxidative stress. This study tested the hypothesis that PCB-resistant killifish exhibit altered sensitivity to oxidative stress. Killifish F 1 embryos from NBH and a clean reference site (Scorton Creek, MA, U.S.A.; SC) were exposed to model pro-oxidant and Nrf2-activator, tertbutylhydroquinone (tBHQ). Embryos were exposed at specific embryonic developmental stages (5, 7, and 9 days post fertilization) and toxicity was assessed, using a deformity score, survival, heart rate, and gene expression to compare sensitivity between PCB -resistant and -sensitive (reference) populations. Acute exposure to tBHQ resulted in transient reduction in heart rate in NBH and SC F 1 embryos. However, embryos from NBH were more sensitive to tBHQ, with more frequent and severe deformities, including pericardial edema, tail deformities, small body size, and reduced pigment and erythrocytes. NBH embryos had lower basal expression of antioxidant genes catalase and glutathione-S-transferase alpha (gsta), and upon exposure to tBHQ, exhibited lower levels of expression of catalase, gsta, and superoxide dismutase compared to controls. This result suggests that adaptation to tolerate PCBs has altered the sensitivity of NBH fish to oxidative stress during embryonic development, demonstrating a cost of the PCB resistance adaptation.
Introduction
The Atlantic killifish (Fundulus heteroclitus) has shown a remarkable ability to adapt to its environment. Killifish populations have evolved resistance to harmful levels of methylmercury (Weis et al. 1981), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Prince and Cooper 1995) , polycyclic aromatic hydrocarbons (PAHs) (Meyer et al. 2002; Ownby et al. 2002; , and polychlorinated biphenyls (PCBs) (Nacci et al. 1999; Bello et al. 2001; Nacci et al. 2010 ). However, this adaptation can come at a fitness cost (Wirgin and Waldman 2004; Kinnison and Hairston 2007) and result in altered capability to combat additional stressors such as hypoxia and some pesticides (Clark and Di Giulio 2012) .
The New Bedford Harbor, MA (NBH) Superfund site is highly contaminated by PCBs as well as heavy metals such as cadmium, lead, copper, and chromium (Nelson et al. 1996; Nacci et al. 2010) . The NBH population of killifish has developed resistance to the PCBs and related compounds; NBH fish are 14-to [ 1,000-fold less sensitive to the biochemical and embryotoxic effects of dioxin-like halogenated aromatic hydrocarbons (HAHs) and polycyclic aromatic hydrocarbons (PAHs) as compared to fish from clean sites (Nacci et al. 1999; Bello et al. 2001; Oleksiak et al. 2011) . The predominant teratogenic effects that occur in clean-site killifish when exposed to HAHs or PAHs during embryonic development are cardiac malformations (Matson et al. 2008; Arzuaga and Elskus 2010; Clark et al. 2010; Whitehead et al. 2010) . The development of these deformities requires a functional aryl hydrocarbon receptor (Ahr), as demonstrated by experiments showing that killifish embryos in which Ahr2 protein has been knocked down are protected from the effects of PAHs or 3,3 0 ,4,4 0 , 5-pentachlorobiphenyl (PCB-126) (Clark et al. 2010) . The resistance of NBH embryos to embryotoxic and teratogenic effects of PCBs suggests that Ahr signaling is down-regulated in NBH fish, a result confirmed by analysis of gene expression after exposure to PCB-126 Whitehead et al. 2012) .
The Ahr mediates an adaptive and sometimes toxic response to numerous xenobiotics (Okey 2007) . This cytosolic transcription factor is activated by a variety of ligands including HAHs, PAHs, co-planar PCBs, natural plant products, and tryptophan-based molecules (Denison and Nagy 2003; Denison et al. 2011) . Ligand binding, such as by non-ortho PCBs contaminating the NBH Superfund site, initiates translocation of Ahr to the nucleus, where it dimerizes with the Ahr nuclear translocator (Arnt) (Schmidt and Bradfield 1996) , both members of the basic helix loop helix (bHLH)/Per-Arnt-Sim (PAS) gene family (Crews 1998; Gu et al. 2000) . The ligand-activated Ahr-Arnt heterodimer binds to xenobiotic response elements (XREs) in the promoter region of numerous target genes, including members of the cytochrome P450 family 1 (CYP1), genes encoding some phase II enzymes, and the oxidant-responsive transcription factor Nrf2 (nuclear factor erythroid-related factor-2) (Fig 1) . The Ahr is required for the toxicity and other effects of non-ortho-substituted PCBs, TCDD, and PAHs. For example, loss of Ahr signaling through targeted inactivation of the Ahr locus protects mice from effects of TCDD, including acute toxicity (Fernandez-Salguero et al. 1996; Schmidt and Bradfield 1996) and teratogenicity (Peters et al. 1999; Mimura et al. 1997) . Similarly, knockdown of Ahr (Ahr2) in fish embryos reduces or prevents the embryotoxic and teratogenic effects of TCDD (Prasch et al. 2003) , PCB-126 (Jonsson et al. 2007; Clark et al. 2010) or PAHs (Clark et al. 2010; Billiard et al. 2006) .
In addition to mediating the toxicity of PCBs and PAHs, the Ahr also participates in crosstalk with another transcription factor, Nrf2. Nrf2, a member of the Cap'n'collar, basic region-leucine zipper (CNC-bZIP) family of transcription factors, regulates the transcription of genes encoding many cytoprotective, antioxidant, and phase II enzymes in response to oxidative and electrophilic stress. Nrf2 is found constitutively in the cytoplasm bound to a repressor protein, Kelch-like ECH-associated protein 1 (Keap1). Under unstressed conditions, Keap1 sequesters Nrf2 in the cytoplasm (Fig. 1) , targeting it for proteasomal degradation (Nguyen et al. 2004) . ROS and electrophiles cause release and nuclear accumulation of Nrf2 (Fig. 1) . In the nucleus, Nrf2 associates with small Maf proteins and binds to antioxidant response elements (AREs) in the promoter regions of its target genes ( Fig. 1) (Kobayashi et al. 2006) .
There are many sources of oxidative stress in the environment that could impact Nrf2 signaling in fish. Some of these include hypoxia, hyperoxia, temperature-related changes in metabolism, and pollutants such as pesticides, PCBs, TCDD, PAHs, and metals (Lesser 2006; Lushchak 2011; Loro et al. 2012; Billiard et al. 2006) .
Cross-talk between the Ahr and Nrf2 signaling pathways has been demonstrated in mammals and fish (Wakabayashi et al. 2010; Kohle and Bock 2007) . Nrf2 can directly affect transcription of Ahr genes and autoregulate its own expression, and Ahr regulates Nrf2 gene expression ( Fig. 1) (Miao et al. 2005; Shin et al. 2007; Timme-Laragy et al. 2012b ). In addition, several genes, such as Sod1, Nqo1, Ugt1a, and glutathione-S-transferase alpha (Gsta), have been shown to have both XRE and AREs and can be regulated by both the Ahr and Nrf2 (Nguyen et al. 2003) . Yeager et al. (2009) showed that the Ahr-dependent induction of Nqo1, Ugt1a6, and Gsta1 by TCDD in mouse liver also required Nrf2. Despite the emerging recognition of Ahr-Nrf2 cross-talk, many questions regarding these interactions remain, in particular concerning the extent of Ahr-Nrf2 interactions in fish.
Insight into the interactions of Nrf2 and Ahr signaling pathways may be gained through investigation of the oxidative stress response of the PCB-resistant NBH killifish population, which has altered Ahr-dependent signaling Whitehead et al. 2012) . NBH killifish have been extensively studied and this population has been shown repeatedly to have reduced sensitivity to HAHs and altered Ahr signaling, as epitomized by the lack of induction of Cyp1a (Bello 1999; Oleksiak et al. 2011; Arzuaga and Elskus 2010; Powell et al. 2000; Aluru et al. 2011; Nacci et al. 2010 ) and many other Ahr-regulated genes Whitehead et al. 2012) . The PCBresistance of this population is also reflected in much higher LC20 values for embryotoxicity of PCB-126 (42,845 ng/L) as compared to that of the PCB-sensitive SC population (24 ng/L) . The heritability of this tolerance to PCBs has also been well documented in both F1 and F2 generations Nacci et al. 1999; Nacci et al. 2002; Bello 1999) .
In this study, we hypothesized that genetic adaptation to PCBs and the resulting down-regulation of the Ahr pathway in NBH fish Whitehead et al. 2012) would also result in altered sensitivity to oxidant exposure. We exposed embryos from NBH killifish (i.e. F1 generation) and reference site embryos from Scorton Creek, MA (SC) to a model pro-oxidant and Nrf2-activator, tert-butylhydroquinone (tBHQ) (Nguyen et al. 2004) . While the effects of tBHQ have not yet been examined in killifish, this compound has been shown to be an effective oxidant in other fish, including zebrafish (Kobayashi et al. 2002; Yang et al. 2007; Timme-Laragy et al. 2012b ) and rainbow trout (Samson et al. 2001) . Acute exposures of killifish embryos to tBHQ were conducted at specific developmental times corresponding to different stages of liver development, and the resulting deformities, survival, heart rate, and expression of several antioxidant genes were analyzed. Both killifish populations showed comparable responses in heart rate, but NBH F1 embryos were more sensitive to tBHQ teratogenesis compared to reference site F1 embryos. Acute exposure to tBHQ during development resulted in decreased expression of several antioxidant genes in the NBH population, which may provide a mechanistic explanation for the difference in sensitivity to oxidative stress.
Materials and methods
Animals: collection, care, and breeding Adult killifish were collected using minnow traps, as described earlier (Powell et al. 2000; Bello et al. 2001 ; Fig. 1 Diagram illustrating the Ahr-and Nrf2-dependent signaling pathways and interactions between them. Ahr is constitutively expressed in the cytoplasm of cells, and binds a variety of ligands including HAHs such as non-ortho PCBs. Upon ligand binding, Ahr translocates to the nucleus where it dimerizes with the Arnt and binds to XREs in the promoter region of numerous target genes including Phase I enzymes such as Cyp1a, some phase II enzymes, and the oxidant-responsive transcription factor Nrf2. Some planar structures that are potent Ahr agonists are poor substrates for metabolism by CYP1 enzymes (White et al. 1997 ) and can uncouple the CYP1 reaction cycle, generating ROS (Schlezinger et al. 2006) . ROS from this and other sources can activate Nrf2. Nrf2 is found constitutively in the cytoplasm bound to a repressor protein, Keap1. Under unstressed conditions, Keap1 sequesters Nrf2 in the cytoplasm, targeting it for proteasomal degradation. ROS and electrophiles cause release and nuclear accumulation of Nrf2. In the nucleus, Nrf2, associates with small MAF proteins and binds to antioxidant response elements (AREs) in the promoter regions of a set of cytoprotective genes encoding antioxidant and phase II enzymes (Kobayashi et al. 2006 ). Among the Nrf2 target genes is Ahr, closing the loop on AhrNrf2 cross-talk. See text for additional details Differential sensitivity to pro-oxidant exposure 389 Oleksiak et al. 2011) , from the PCB-contaminated Superfund site, NBH, and reference site, SC, during the summers of 2010 and 2011. The SC site is considered clean as determined by its location away from urban sources of pollution and by the low PCB concentrations measured in sediments and fish. The sediment PCB concentration at SC is 1 ng PCB/g dry weight, whereas the sediment PCB concentration at NBH (near where our fish were collected) is 22,666 ng/g ). These differences in levels of contamination are reflected in adult fish captured from these sites: the PCB concentration in SC fish (0.177 lg/g dry weight) is much less than that of NBH fish (272 lg/g dry weight) (Bello 1999) . Fish were determined to be sexually mature and healthy and approximately 2-4 years of age. Fish were maintained in flow-through glass aquaria with filtered seawater. In this paper we refer to the fish obtained from NBH as ''PCB-resistant.'' Although the embryos used in this study were not examined for resistance to PCBs, embryos from this population have been shown repeatedly and over many years to have reduced sensitivity to non-ortho PCBs and related dioxin-like compounds, as demonstrated by resistance to embryotoxicity (Nacci et al. 1999 Whitehead et al. 2012) , lack of induction of Cyp1a by PCB-126, PCDD, TCDF, and PAHs (Bello 1999; Oleksiak et al. 2011; Arzuaga and Elskus 2010; Powell et al. 2000; Aluru et al. 2011; Nacci et al. 2010) , and loss of induction of many other Ahr-regulated genes Whitehead et al. 2012) . Although the NBH Superfund site has undergone some remediation, high levels of PCBs remain (Diane Nacci, US EPA, personal communication) and the killifish have maintained their resistance to PCBs, as assessed most recently in 2008 and 2009 (our unpublished results) .
The day following collection of adults from NBH and SC, embryos were obtained by in vitro fertilization (IVF) (Trinkaus 1967) . For IVF, 3-6 adult males were utilized and 20-50 adult females. The embryos were maintained in Petri dishes with 25 ppm filtered sterile seawater changed daily. The incubator was maintained at a 14-h light and 10-h dark cycle.
Chemical and dosing
To compare the sensitivity to oxidative stress in killifish embryos from a PCB-resistant population vs. embryos from a clean environment, we conducted exposures to a model pro-oxidant, tBHQ, which was obtained from Sigma (St. Louis, MO, U.S.A) and dissolved in DMSO (dimethyl sulfoxide, ACROS Organics, NJ). Prior to chemical exposure, killifish developmental stage was determined as described by Armstrong and Child (1965) and Bozinovic et al. (2011) .
Exposures for deformity analysis and heart rate measurements were designed to compare both population and stage-specific sensitivity to tBHQ, and employed exposure protocols used previously for zebrafish (Timme-Laragy et al. 2012b ). Embryos were exposed to tBHQ once for 4 h at 5, 7, or 9 dpf (Fig. 2) . These ages reflect various stages of liver development (Bozinovic et al. 2011; Armstrong and Child 1965) and correspond to developmental stages 28 (first appearance of the liver rudiment), 32 (functional liver), and 34 (liver growth), respectively. Five pools of ten embryos were exposed in 100 mm diameter glass Petri dishes to either 5, 10, or 20 lM tBHQ or solvent control (DMSO, 0.01 % v/v) for 4 h, then were washed three times in fresh 25 ppm filtered sterile seawater and placed in standard Costar 6 well dishes with 10 mL fresh 25 ppm filtered sterile seawater and held in an incubator at 23°C. Each experiment thus examined a total of 200 embryos from each population, with N = five pools of ten embryos per tBHQ concentration. Deformities and heart rate were monitored throughout development at the indicated time points until hatch ( Fig. 2 ). These experiments occurred over two breeding cycles (Summer 2010 and 2011) with three experiments conducted during each cycle.
Exposures for gene expression were conducted at 7 dpf, the timepoint when a functioning liver has developed, and that is within the window of sensitivity. Three pools of five embryos (N = 3 pools) were exposed in glass scintillation vials to 10 mL sterile filtered 25 ppm seawater containing one of four treatments: water only (no treatment), 0.01 % DMSO, 5 lM tBHQ, or 10 lM tBHQ. Following the acute 4-h exposure, embryos were immediately snap-frozen in liquid nitrogen and stored at -80°C until isolation of total RNA.
An additional set of experiments was conducted using another pro-oxidant, tert-butylhydroperoxide (tBOOH), which also has been used previously to generate oxidative stress in fish embryos (Timme-Laragy et al. 2009 ). Embryos were exposed for 6 h at stage 32 (7 dpf) to 20 or 40 mM tBOOH or solvent control (water), followed immediately by sampling for gene expression analysis as described for tBHQ-treated embryos.
Toxicity assessment
Several developmental deformities were observed: pericardial edema (fluid retention in the membrane surrounding the heart), cardiac elongation (lengthening of the heart), decreased body girth (overall thickness of the body), decreased tail length (how long the tail extends from the body), decreased density of erythrocytes (number of red blood cells flowing through the bloodstream), decreased pigmentation (density of dark pigment on the eyes and body), and hemorrhage (discharge of blood from the vessels at any location throughout the body). Each deformity was scored qualitatively on a scale of 0-3 as normal (0), mild deformities (1), moderate deformities (2) and severe deformities (3). A deformity index was calculated as the sum of scores for individuals in that dose group divided by the maximum score possible, and multiplied by 100. This approach is in concordance with other deformity assessments in this species (Wassenberg and Di Giulio 2004; Whitehead et al. 2010) .
Heart rate and hatching rate were measured as physiological endpoints. Heart rate was only examined in the set of embryos exposed at 5 dpf ( Fig. 2) . Heart rate was calculated by measuring the heart rate of 1 randomly selected embryo from each pool of embryos, counting the number of heartbeats for 15 s and multiplying this value by 4 to obtain the number of beats per minute. Heart rate readings were conducted immediately following the exposure at 5 dpf, and subsequently on 7, 9, and 13 dpf. Hatching was measured at 15 dpf, and percentages calculated based on the total number of embryos per tBHQ concentration (N = 50).
Gene expression
Total RNA was extracted using RNA STAT-60 (Tel-Test B, Inc., Friendswood, TX) according to the manufacturer's directions. cDNA was synthesized from 1 lg RNA using iScript (Bio-Rad Laboratories, Hercules, CA, U.S.A). Quantitative PCR was performed using iQ SYBER Green Supermix (Bio-Rad Laboratories) in an iCycler iQ RealTime PCR Detection System (Bio-Rad Laboratories). The PCR conditions were: 95°C, 3:30 min; 95 C, 15 s and a primer-optimized Tm of 60-66 C, 30 s (40 cycles); 95 C, 1:00 min. Tm values for each primer set are provided in Supplemental Table 1 , along with primer sequences and description of gene function. At the end of the PCR run, the products were subject to a melt curve analysis. Primer pairs were also validated to amplify only one product by visualizing QPCR product on an acrylamide gel, and primer efficiencies were measured by serial dilutions of the QPCR product. There were three or four biological replicates, with two technical replicates of each sample. Expression data were quantified based on threshold cycle values where values for each sample were averaged and normalized to two housekeeping genes: b-actin and ef1a. Because there was no statistical difference between data analyzed using the different housekeeping genes, only the b-actin-normalized data are presented here. Changes in RNA expression are reported as mean fold change and SEM, calculated according to the following equation, where the control is defined as untreated SC embryos
Statistical comparisons were analyzed using a two-factor analysis of variance (ANOVA) using Statview (SAS, Cary, NC). Gene expression data were log transformed prior to analysis, and Fisher's PLSD was used as a post hoc test (p \ 0.05). To account for the number of comparisons among treatments in the QPCR data, a Bonferroni correction was applied (p \ 0.0018). Data are presented as mean and SEM.
Results

Deformity incidence and severity
A population-and time-dependent response to tBHQ was evident with both populations (Fig. 3) . Both PCB-resistant (NBH) and PCB-sensitive (SC) embryos exhibited deformities in response to an acute exposure to tBHQ, but embryos from NBH had higher rates of deformities and the deformities were more severe (Fig. 3) . It is important to note that some individual embryos expressed more than one deformity on a specific day and over the course of observation. Embryos dosed at 5 dpf did not show any deformities as a result of the lowest tBHQ concentration, 5 lM (Fig. 3a) . At 10 lM, only embryos from the NBH population developed deformities, the majority of which were observed at 9 dpf, or 4 days post treatment (Fig. 3b) . At the highest concentration of tBHQ, 20 lM, embryos from NBH had a significantly higher incidence and more severe deformities than embryos from SC (Fig. 3c) . In contrast to the embryos exposed at 5 dpf to the lowest concentration of tBHQ, embryos from NBH exposed to this concentration at 7 dpf developed deformities, the majority of which were observed at 9 dpf (Fig. 3d) . A similar result was obtained following exposures to 10 lM and 20 lM. Deformities peaked at 9 dpf (2 days post treatment). With these higher concentrations, both populations developed deformities, but deformity scores were significantly higher in the NBH embryos (Fig. 3e, f) .
Regardless of whether embryos were dosed at 5 or 7 dpf, the most severe deformities occurred at 9 dpf (Fig. 3) . However, if exposures began at 9 dpf, very few deformities occurred (Fig. 3g, h, i) . More embryos at this time point suffered mortality compared to embryos exposed to the same tBHQ concentration at earlier stages, at which very few mortalities occurred (Table 1 ). The NBH embryos exhibited 2 deaths from the 5 dpf exposure and no mortality from the 7 dpf exposure. SC embryos exhibited 1 death each from the 5 and 7 dpf exposures. The 9 dpf exposure resulted in 7 NBH mortalities and 9 SC mortalities. We have thus identified a window of sensitivity to deformities from exposure to tBHQ that includes stages 28 and 32 and a window of sensitivity to mortality at stage 34.
Interestingly, the deformities we observed (pericardial edema, reduced pigmentation, reduced erythrocytes, truncation of the tail, and a small body size) were largely of a transient nature. Recovery from these deformities occurred by 12 dpf, a few days before hatching, for both populations. This occurred irrespective of whether embryos were dosed at 5 or 7 dpf (Fig. 3) . The percentage of embryos that hatched by 15 dpf varied between 36 and 74 % and did not Fig. 3 Developmental deformities after acute exposure to tBHQ. Mean ± SEM of 5 pools of 10 embryos exposed for four hours at 5 dpf, 7 dpf, or 9 dpf and monitored through 12 dpf. Each row presents data from embryos exposed at a specific stage (Stage 28, row 1, panels a, b, c; Stage 32, row 2, panels d, e, f; Stage 34, row 3, panels g, h, i). Each column of graphs examines exposures of 5 lM (a, d, g), 10 lM (b, e, h) and 20 lM (c, f, i) tBHQ. Control embryos did not develop deformities (data not shown). Arrows indicate when the embryos were dosed and data collection began. * denote significance within that exposure day between populations (Scorton Creek, SC, and New Bedford Harbor, NBH) demonstrate any significant treatment effect (Table 1 ). These hatching rates are within the normal expected range for killifish hatching at this timepoint (Dimichele and Taylor 1980; Timme-Laragy et al. 2006; Tingaud-Sequeira et al. 2009 ).
Closer examination of the range of deformities revealed another difference in response to tBHQ between the embryos from these two populations (Fig. 4) . While both populations exposed at 5 dpf displayed pericardial edema, decreased pigmentation, and reduced blood cells, NBH embryos had a greater variety of deformities present, including truncation of the tail and small body size. The number of affected embryos displaying these deformities also differed, with greater numbers of embryos affected in the NBH population for all deformity types. A similar result was found in embryos exposed at 7 dpf, where both populations showed pericardial edema, decreased pigmentation, and shortened tail, but the NBH embryos also displayed reduced erythrocyte density. Again, incidence of these deformities was much higher in the NBH embryos (Fig. 4) . Consistent with these differences, the number of embryos showing no deformities (normal development) was greater in SC as compared to NBH.
Pericardial edema was the most prevalent deformity in both populations. This deformity was given a relative score between 0 (normal) and 3 (severe). We conducted further analysis, and found that NBH embryos exposed at stages 28 and 32 (5 and 7 dpf) exhibited a greater incidence ofand more severe-pericardial edema (measured at stage 34) as compared to SC embryos (Fig. 5) .
Embryonic heart rate
The frequent occurrence of heart deformities warranted the investigation of heart rate. A tBHQ-independent decrease in heart rate occurred between 5 and 7 dpf for both populations (Fig. 6 ). There was no change in heart rate with acute exposure to the lowest concentration of 5 lM tBHQ (data not shown), but heart rates decreased in a concentration-dependent manner in both killifish populations exposed to 10 or 20 lM tBHQ. This decrease in heart rate persisted through 9 dpf, after which heart rates recovered to Differential sensitivity to pro-oxidant exposure 393 control levels (Fig. 6 ). The lowered heart rate preceded the appearance of pericardial edema and heart deformities, and the restoration of heart rate to control values mirrored the recovery from those deformities that occurred prior to hatching (Fig. 3) . At 13 dpf, average heart rates of NBH embryos at all concentrations were 114.4, 106.4, and 108 beats/min, while those of SC embryos were 124.8, 123.2, and 119.2 beats/min. Interestingly, there was no statistically significant difference in the heart rates between these two embryo populations, neither basally nor in response to tBHQ. The resulting deformities showed a strong disparity in both incidence and severity (Figs. 3, 4 , 5) whereas heart rate showed no population-based difference (Fig. 6) . Heart rates were measured only in embryos that had survived the initial exposure. Of the 50 SC embryos exposed to 20 lM tBHQ, six (12 %) died between 7 and 9 dpf. NBH embryos had greater mortalities, with 18 deaths (36 %) from the 20 lM tBHQ exposure spread out from 6 to 13 dpf, with the highest mortality (11 embryos, 22 %) at 7 dpf. These percentages vary somewhat from Table 1 because the heart rate data are from a different clutch of embryos examined during the same summer.
Gene expression
To examine whether expression or regulation of antioxidant genes played a role in the differential sensitivity to tBHQ, we measured expression of the transcription factor nrf2 and several antioxidant genes known to be regulated at least in part by nrf2 in response to oxidative stress: glutamate cysteine ligase catalytic subunit (gclc), glutathione-S-transferase-alpha (gsta) (Sharma et al. 2004 ), Mn-superoxide dismutase (sod2), and catalase (cat) (Lee and Johnson 2004) .
Embryos from NBH had lower basal expression of gsta and sod2 than embryos from SC (Fig. 7) . However, no significant differences were found in expression levels of any of the genes in DMSO-(vehicle control)-treated embryos from the two sites (Fig. 8) . The response of the two populations to tBHQ treatment differed significantly for expression of catalase, gsta, and sod2. Expression of all three of these genes decreased significantly following acute tBHQ treatment in the NBH population but not in embryos Fig. 4 The number of embryos from New Bedford Harbor (NBH), and the reference site Scorton Creek (SC) exhibiting specific types of deformities at 9 dpf. Embryos were exposed to tBHQ for 4 h at 5 dpf or 7 dpf. These numbers are the cumulative incidence of each deformity type observed from exposure to 5, 10 or 20 lM tBHQ (50 embryos per concentration), and contribute to the overall deformity score in Fig. 3 . Many individual embryos exhibited multiple deformities, while some embryos had no deformities. Abbreviations of deformities: no deformities (none), shortened tail (tail), pericardial edema (edema), reduced body girth (body), decreased number of red blood cells (blood), decreased pigmentation (pigment) Fig. 5 Frequency of pericardial edema at 9 dpf. Each bar is the total number of embryos exhibiting pericardial edema at 9 dpf, with each segment representing the number of fish exhibiting each severity score of 1, 2, or 3. Shown are embryos monitored after acute exposure to tBHQ on 5 or 7 dpf. These numbers combine deformities from exposure to 5, 10 and 20 lM tBHQ and contribute to the overall frequency of pericardial edema in Fig. 3 from SC. We also observed a significant decrease in nrf2 expression in response to tBHQ in the NBH population, but these differences were not statistically different from expression levels in treatment-matched SC fish (Fig. 8) .
Evidence of oxidative stress is commonly provided by a transcriptional response of antioxidant genes, usually an increase in expression. The decrease in expression of antioxidant genes following pro-oxidant exposure observed in this study was confirmed using another pro-oxidant, tBOOH. No deformities or mortalities were observed at these concentrations (20 and 40 mM). For all genes measured, a trend towards down-regulation of antioxidant gene expression occurred in response to tBOOH (Supplemental Fig. 1 ).
Discussion
This study demonstrates differential sensitivity to a pro-oxidant Nrf2-activator, tBHQ, in embryos from two populations of killifish (F. heteroclitus) with different pollutant-exposure histories. We show an increase in deformities following acute exposure to tBHQ that are more severe and more frequent in F 1 embryos from a population with altered Ahr signaling adapted to tolerate PCBs (NBH Superfund Site). Interestingly, many of the embryos were able to recover from these deformities and go on to hatch. We also found significant population differences in expression of several antioxidant genes, both basally and in response to tBHQ, which may provide some insight into the mechanism(s) underlying the differential sensitivity.
Oxidative stress, defined as a disruption of intracellular redox balance and signaling (Jones 2006) , is a common challenge faced by aquatic organisms, particularly those in the estuarine environment. Oxidative stress can result from changes in temperature, salinity, hyperoxia in over-saturated waters, hypoxia, reperfusion following hypoxic or anoxic events, and exposure to aquatic ozone (Lesser 2006; Lushchak 2011) . Oxidative stress may also result from UV-light or from pollutant exposure Bacanskas et al. 2004; Arzuaga and Elskus 2010; Lushchak 2011; Billiard et al. 2008) . Here, we used a chemical previously characterized as a pro-oxidant, tBHQ, to initiate oxidative stress during specific stages of embryonic development in order to investigate the response to oxidative stress between PCB-adapted and control populations of killifish.
tBHQ is a prototypical mono-functional inducer of the oxidative stress response mediated by Nrf2 (Nguyen et al. 2003; Gharavi et al. 2007; Kensler et al. 2007 ). It Fold change Gene NBH SC * * Fig. 7 Basal expression of nrf2 and genes known to be regulated by nrf2. Data presented are the mean ± SEM (b-actin-corrected) where N = 3 pools of 5 unexposed control embryos at 7 dpf. Values are normalized to SC embryos. Data were analyzed using a two-factor ANOVA followed by Fisher's PLSD; * indicates a significant difference in basal gene expression between New Bedford Harbor (NBH) and Scorton Creek (SC) embryos, p \ 0.05
Differential sensitivity to pro-oxidant exposure 395 undergoes autoxidation to the quinone (Kahl et al. 1989) , which then undergoes redox cycling through one-electron reduction to the semi-quinone radical, followed by reaction with O 2 to generate superoxide. Electrophilic metabolites may also play a role in its activation of Nrf2 (van Ommen et al. 1992; Nakamura et al. 2003) . For early life-stages, maintenance of redox balance is critical because of its role in the control of cell division and differentiation, key events during embryonic development. Early embryos have not yet developed a robust antioxidant defense system compared with adults; because of this, they are also extremely susceptible to developmental disruptions and abnormalities following oxidative stress (Wells et al. 2005) .
The ability of pollutant-adapted killifish to respond to oxidative stress has been investigated both in the NBH population as well as in several others; the results of these studies demonstrate a strong dependence on age during exposure and on the chemical mode of action, particularly in relation to the aryl hydrocarbon receptor (Ahr) ( Table 2 ). Arzuaga and Elskus (2010) reported that PCBresistant embryos from Newark Bay and NBH exhibited reduced ROS production following exposure to PCB-126, likely due to the lack of Ahr activation and thus a lack of Cyp1a induction, the presumed source of ROS. found that larvae (F 1 and F 2 generations) from the PAH-contaminated Elizabeth River (ER; Virginia, U.S.A.) had higher basal levels of some antioxidant defenses and were less sensitive to oxidative stress from model prooxidant tBOOH, but this study did not include embryonic stages. However, the ER larvae demonstrated an increase in sensitivity to phototoxicity when exposed to the PAH fluoranthene and ambient UV . Wild-caught adults from the ER population had higher total glutathione and increased levels of lipid peroxidation and glutathione peroxidase activity in the liver, although some of these parameters changed with seasonal breeding status (Bacanskas et al. 2004) .
The results of the present study demonstrate increased sensitivity of killifish embryos from the contaminated NBH Superfund site to chemical-induced oxidative stress as indicated by deformities, physiological responses, and gene expression. This is in direct contrast to what has been found in this population in response to PCBs and other Ahr agonists, where embryos from the contaminated site exhibit resistance compared with reference populations (Nacci et al. 1999; Bello et al. 2001; Arzuaga and Elskus 2010; Oleksiak et al. 2011; Nacci et al. 2010; Whitehead et al. 2012) . The difference in response between the NBH and reference populations supports the idea that the adaptation to contaminants such as TCDD and PCB has reduced the ability of contaminated The expression of catalase, gclc, gsta, nrf2, and sod2 were examined following acute exposure to DMSO (vehicle control), 5 or 10 lM tBHQ, or untreated water, at 7 dpf. Data presented are the mean ± SEM (b-actin-corrected) where N = 3 pools of five embryos. Values are normalized to those of untreated SC embryos. * denotes a significant effect of population in the two-factor ANOVA, and # indicates a significant treatment effect assessed by Fisher's PLSD and Bonferroni-corrected, p \ 0.0018 site embryos to effectively respond to the additional stressor of pro-oxidant exposure, but the mechanism by which this occurs remains unknown. Although we interpret the population difference in sensitivity to chemical-generated oxidative stress as reflecting the genetic adaptation to PCBs that has occurred in the NBH fish, an alternative hypothesis is that the maternal PCB exposure or other factors experienced by the F1 embryos from NBH may have contributed to the results of this study. At present, it is not possible to distinguish between these two explanations; additional studies using F2 embryos (eliminating differences in PCB exposure while retaining the genetic adaptation) or co-exposure to PCBs and tBHQ will be needed.
Strikingly, many of the killifish embryos, from both populations, were able to recover from these deformities and go on to hatch successfully. Recovery from deformities occurred after a delay of a few days after cessation of exposure. This ability to recover from morphological abnormalities has been previously observed in fish. For example, Chinese sturgeon (Acipenser sinesis) embryos develop spinal curvature, or lordosis, after lead exposure (Hou et al. 2011) . These embryos were able to regain normal morphology over time with recovery accompanying elimination of lead from the body after transfer to leadfree water. The killifish embryos for this study were also maintained in clean water after the exposure period and were able to recover. This observation of recovery from chemical-induced deformities warrants further investigation into the underlying mechanisms, and whether it may be related to the maturation of antioxidant defenses as embryos develop. It will also be important to determine whether there are any later-life consequences for these fish, such as functional deficits experienced as adults. Such deficits, if they were to occur, could have population-level consequences. Table 2 Literature survey of oxidative stress studies in pollutant-resistant killifish Bacanskas et al. 2004; Arzuaga and Elskus 2010) Gene expression was examined in this study as a biomarker of oxidative stress as well as to gain insight into the mechanism of the differential sensitivity to tBHQ between NBH and reference site killifish. One of the key regulators of the antioxidant defense system and response to oxidative stress is the transcription factor Nrf2. Nrf2 has been shown to participate in crosstalk with the Ahr pathway through several mechanisms (Ma et al. 2004; Miao et al. 2005; Shin et al. 2007; Yeager et al. 2009; Kalthoff et al. 2010; Wakabayashi et al. 2010) , making it of particular interest given the resistance to Ahr-mediated teratogenesis in this population. This is the first investigation of Nrf2 expression in the Atlantic killifish. We demonstrate that it is expressed during embryonic development and at similar levels in both populations (Fig. 7) , but the ability of Nrf2 to respond to an activator such as tBHQ (Nguyen et al. 2004 ) and its role in gene regulation requires further study. We found significant decreases in expression of nrf2 in response to tBHQ treatment in the NBH population, but the mechanism by which this occurs remains unclear.
We found a significant difference in how antioxidant gene expression in the two populations responded to tBHQ exposure, with NBH embryos showing significant changes in gene expression of gsta, sod2, and catalase. We expected to see an increase in expression levels of antioxidant genes following acute exposure to tBHQ; instead, we found a reduction in gene expression in the NBH population. We confirmed this directional response with a second model pro-oxidant, tBOOH, which causes oxidative stress via a different mechanism than tBHQ. With tBOOH, both populations showed a trend towards decreased antioxidant gene expression (Supplemental Fig. 1 ). This directional response is perplexing, but not unprecedented. Wu et al. (2011) also showed a trend towards a decrease in expression of sod3, glutathione reductase, and catalase in medaka embryos treated with ethanol. Pierron et al. (2007) showed decreases in expressions of sod2 and catalase in response to cadmium or hypoxia in the gills of glass eels (Anguilla anguilla).
While both populations of fish embryos exposed to tBHQ and tBOOH exhibited down-regulation of antioxidant genes, only responses to tBHQ differed between the two populations. We hypothesize that this may be due to the altered Ahr-pathway signaling associated with the genetic adaption in the NBH population. This hypothesis is supported in the literature. For instance, in AHR-knockout mice, hematopoietic cell progenitor populations have been shown to be more sensitive to hydrogen peroxide, and liver tissue has reduced expression levels of the antioxidant genes sod1, sod2, and trx compared to wild type mice (Hirabayashi and Inoue 2010) . Future experiments will directly examine the crosstalk between Ahr and Nrf2 in the killifish using morpholino knock down of Ahr to recapitulate the unresponsive Ahr signaling pathway found in the NBH population, followed by exposures to pro-oxidant chemicals.
Our current understanding of oxidative stress and antioxidant defenses during embryonic development is still in its infancy. Ontological fluctuations of antioxidant defenses and redox conditions may be part of the normal developmental program (Arzuaga and Elskus 2010; Timme-Laragy et al. 2012a; Timme-Laragy et al. 2012b ). There are also important species-specific differences in response to oxidative stress that are beginning to emerge. For instance, zebrafish (Danio rerio) that are exposed to tBHQ do not develop the suite of malformations seen in tBHQ-exposed killifish; the only morphologic response is a temporary reduction in pigmentation (Timme-Laragy & Hahn, unpublished) . This difference in deformity response is perhaps due to normal developmental timing, with the slower developmental program of the killifish allowing a greater opportunity for malformations to occur. Also, expression of antioxidant genes in the zebrafish is increased with exposure to tBHQ and other pro-oxidants (Timme-Laragy et al. 2012b; TimmeLaragy et al. 2009; Mukaigasa et al. 2012; Kobayashi et al. 2002; Yang et al. 2007) , while tBHQ and tBOOH exposures in the killifish embryo result in a reduced expression of these same genes. The mechanisms responsible for this difference are currently unknown, but some studies have suggested that populations whose natural ecology involves exposure to large changes in oxygen concentration may be better equipped to combat oxidative stress (Lesser 2006) . In embryos that normally inhabit an environment that experiences fluctuating oxygen levels, like the estuarine environment inhabited by the killifish, expression of antioxidant genes is perhaps already at its physiological maximum.
The concentrations of tBHQ used in this study are very likely to have caused oxidative stress, based on results of studies using similar concentrations in zebrafish (TimmeLaragy et al. 2012b) , and as evidenced in the present study by the reduction in heart rates and development of deformities. We also found changes in antioxidant gene expression, but not in the direction expected. In future studies, it will be helpful to include additional biochemical assessments of oxidative stress as well as direct measurement of ROS using fluorescent dyes.
Our data support the conclusion that changes in gene expression could contribute to the differential sensitivity to tBHQ. However, sensitivity to oxidative stress can also be regulated by post-transcriptional mechanisms such as those involving microRNAs, and post-translational mechanisms such as changes of enzyme activity. While these were not investigated here, they would be interesting to examine in future research. The use of DMSO could be another confounding factor, as it has some properties as a hydroxyl radical scavenger. However, the concentration of DMSO used in these experiments (0.01 % v/v) was lower than the concentration at which the radical-scavenging activity is significant (Kahler 2000) . DMSO has been widely used previously in studies of oxidative stress in zebrafish embryos without adverse effects on antioxidant gene expression (Kobayashi et al. 2002; Timme-Laragy et al. 2009 ) but at least one study reported changes in gene expression with low levels of DMSO (Turner et al. 2012) .
Assessing the effect of multiple stressors on fish inhabiting contaminated sites is a valuable way to determine the costs associated with adapting to a polluted environment. Many studies have been conducted on the evolved resistance of Superfund site resident fish and their progeny to the contaminants to which they are exposed. In addition to studies of oxidative stress, factors such as hypoxia, UV light (Table 2) , and pesticides (Clark and Di Giulio 2012) have also been investigated in various resistant killifish populations. The current study contributes to the understanding of how fish adapted to one stressor may exhibit altered responses to other stressors, and demonstrates the complexity of responses to multiple stressors.
In conclusion, we observed an increase in sensitivity of contaminated site NBH embryos to pro-oxidant exposure at the physiological and molecular levels. Future studies examining antioxidant defenses in New Bedford Harbor killifish will better elucidate the mechanism for enhanced sensitivity to pro-oxidant exposure.
